Background: Chronic hepatitis C (CHC) causes liver cirrhosis in 5%-20% of patients, leading to increased morbidity and mortality. This study aimed to estimate liver-related morbidity and mortality among patients with CHC and cirrhosis in Denmark with and without antiviral treatment and sustained virologic response (SVR). Furthermore we aimed to estimate the rate of hepatocellular carcinoma (HCC) and decompensation associated with certain prognostic factors.
Introduction
Chronic infection with hepatitis C virus (HCV) is a disease of global importance with a large burden of morbidity and mortality. [1] [2] [3] [4] [5] [6] For 5%-20% of chronic hepatitis C (CHC) patients, the disease will progress to liver cirrhosis 7 associated with complications, such as liver decompensation, hepatocellular carcinoma (HCC), and increased mortality. 8 The commonest causes of death among patients with CHC and cirrhosis are liver-related, particularly HCC. 8, 9 Several prognostic factors, such as diabetes mellitus, male sex, alcohol abuse, and HCV genotype 3, are thought to be associated with the development of HCC, decompensation, and mortality. [10] [11] [12] [13] [14] Absence of HCV RNA 24 weeks after end of treatment (EOT 24 ) is considered a cure for CHC, and is termed sustained virologic response (SVR). 15 Patients with CHC and cirrhosis have previously been difficult to cure; however, achieving a cure for CHC has been shown to be associated with decreased morbidity and mortality. 10, 12 With the introduction of new, very effective antiviral drugs that cure CHC in nearly all treated patients, 16 large cohorts of patients with CHC and cirrhosis who fail treatment in comparison with patients with SVR will be difficult to assemble.
Moreover, our knowledge of liver-related morbidity and mortality and how SVR affects these among patients with CHC and cirrhosis on a nationwide scale is limited. Most previous studies of HCC, decompensation, and liver-related mortality in CHC patients with cirrhosis have been single-or few-center studies, and included fairly selected cohorts from tertiary centers. 5, 8, 10, 12, 13 The aims of this nationwide cohort study were to estimate liver-related morbidity and mortality among patients with CHC and cirrhosis in Denmark with and without antiviral treatment, and to estimate liver-related morbidity and mortality associated with SVR in a relatively large cohort of treated CHC patients with cirrhosis. Furthermore, we aimed to estimate the rates of HCC and decompensation associated with certain prognostic factors.
Materials and methods
This observational cohort study used prospectively collected data. The Danish health-care system is publicly funded and provides health-care services free of charge to the individual. Patients were identified in the Danish Database for Hepatitis B and C (DANHEP). DANHEP is a nationwide database with ongoing enrolment established January 1, 2002 . 17 It contains demographic, clinical, liver-biopsy, laboratory, and treatment data, and transient-elastography measurements on patients seen with CHC and/or CHB in any of the specialized outpatient clinics responsible for CHC patients in Denmark after January 1, 2002 . Cross-linkage between nationwide registries is possible due to the unique 10-digit personal identification number 18 given to all residents in Denmark and registered in the Danish civil registration system, along with date of birth, sex, vital and migration status, and address. All hospitaladmission dates and diagnoses are registered in the Danish national patient registry (NPR), 19 histopathologic diagnoses are registered in the national Danish pathology database (Patobank), 20 causes of death are registered in the Danish registry of causes of death, 21 and cancer diagnoses are registered in the Danish cancer registry. 22 Further information about the Danish registry of causes of death is provided in the Supplementary material, and the remaining registries are described in more detail elsewhere. 23 
Patient cohort
Eligible patients were registered in DANHEP and fulfilled the following criteria: a positive HCV RNA test, cirrhosis and enrolment in DANHEP before December 31, 2013, ≥18 years of age, and a valid personal identification number and address in Denmark. All ICD and systematized nomenclature of medicine (SNOMED) 24 codes used in the definitions of inclusion and exclusion criteria, outcomes, and covariates are provided in the Supplementary material. To avoid reverse causation and inclusion of prevalent cases of decompensation and HCC, the first 6 months of observation were excluded. Baseline was thus defined as 6 months (183 days) after the first date of a diagnosis of cirrhosis and enrolment in DAN-HEP, whichever occurred last, and could not precede January 1, 2002. Cirrhosis was defined as: liver biopsy (Metavir fibrosis score of F4), 25 transient elastography (FibroScan; Echosens, Paris, France) median elasticity ≥17 kPa 26, 27 (10 or more valid measurements and an interquartile range ≤30% of median elasticity), 28 or clinical cirrhosis (cirrhosis registered in NPR, ascites, hepatic encephalopathy, esophageal varices, esophageal variceal hemorrhage, spontaneous bacterial peritonitis). Patients were excluded if they had CHB, HIV infection, autoimmune hepatitis, or hemochromatosis at baseline.
Definition of outcomes and covariates
The two primary outcomes in the separate analyses of liverrelated morbidity were HCC and decompensation. We defined Clinical Epidemiology 2017:9 submit your manuscript | www.dovepress.com
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Morbidity associated with chronic hepatitis C HCC as a diagnosis registered in Patobank, the Danish registry of causes of death, the Danish cancer registry, or the NPR. Decompensated liver cirrhosis was defined as a diagnosis registered in the NPR, the Danish registry of causes of death, and/or DANHEP of ascites, esophageal variceal hemorrhage, hepatic encephalopathy, or spontaneous bacterial peritonitis.
In mortality analyses, the primary outcome was liverrelated and all-cause mortality. All-cause mortality was defined as death due to any cause with a date of death registered in the Danish civil registration system, which was updated throughout the study period. Liver-related mortality was based on the underlying cause of death registered on the death certificate and divided into liver-related and liverunrelated. Because the Danish registry of causes of death was only updated through December 2012 at the time of data extraction, analyses of liver-related mortality were limited to before December 31, 2012.
Antiviral treatment was registered in DANHEP and defined as reception of at least one dose of antiviral therapy. Based on information registered in DANHEP, successful treatment was defined as the absence of HCV RNA (SVR) at EOT 24 . Only patients who were alive and had negative HCV RNA samples at ≥EOT 24 were categorized as having SVR. Non-SVR was defined as a treatment with known treatment response that did not result in SVR. Reinfection after SVR was defined as at least one positive HCV RNA after a period with undetectable HCV RNA after the EOT 24 date.
Comorbidity was assessed by a time-updated, cumulative Charlson comorbidity index (CCI) 29 score calculated based on ICD codes assigned to hospital contacts registered in the NPR (ICD codes modified by Quan et al 30 are provided in the Supplementary material). Originally, the CCI score was developed to predict short-term, in-hospital mortality, but has subsequently been shown to predict long-term mortality. 31 Liver disease, HCC, and HIV diagnoses were excluded from the CCI score. Orthotopic liver transplantation (LTx) was defined as an LTx procedure registered in the NPR. Diabetes mellitus was based on ICD codes registered in the NPR. Intravenous drug use (IDU; ever) was defined as having an IDU-related diagnosis registered in the NPR prior to the end of follow-up, self-reported IDU, or IDU as route of HCV transmission registered in DANHEP. Alcohol overuse was defined as any of the following prior to the end of follow-up: alcohol abuse-related diagnosis in NPR, a liver biopsy with a histopathologic diagnosis of alcoholic hepatitis or alcoholic cirrhosis, or self-reported daily alcohol consumption of >36 g alcohol for men and >24 g alcohol for women 32 registered in DANHEP. Psychiatric disease was defined as a diagnosis of psychiatric disease registered in the NPR.
Statistical analysis
Patient characteristics were compared between patient groups with Mann-Whitney U test, c 2 test, or c 2 test with Monte Carlo simulations using 10,000 samples. All rates and rate ratios were calculated using Poisson regression, where time at risk and number of events in different strata were calculated using the stratify macro. 33 Patients were followed from baseline until the primary outcome, exit for other reasons, or end of the study period, whichever occurred first. The study ended on December 31, 2013 except for liver-related mortality, where the last day of observation was December 31, 2012. When estimating rates in addition to reaching the end of the study period, infection with HIV, CHB, autoimmune hepatitis, or hemochromatosis led to censoring. Patients with prevalent cases of the primary outcome or LTx at baseline were excluded from morbidity analyses. A diagnosis of HCC before decompensation when decompensation was the primary outcome did not lead to the end of follow-up and vice versa. Cumulative-incidence functions of liver-related morbidity in all patients were calculated with death, coinfection with HIV or HBV, autoimmune hepatitis, hemochromatosis, and LTx as competing risks. Incidence rate ratios (IRRs) of HCC and decompensation were calculated to estimate the rates associated with predefined prognostic factors (sex, diabetes, alcohol overuse, and HCV genotype). In all Poisson regression analyses, CCI score (0, 1, 2, 3, 4, 5, ≥6), LTx, diabetes, psychiatric disease, HCC, and decompensation were introduced as time-dependent categorical covariates, whereas sex, alcohol overuse, IDU, and genotype (1, 2, 3, 4-6, multiple genotypes) were introduced as baseline categorical covariates. Age (<40, 40-44,45-49, 50-54, 55-59 , 60-64, 65-69, 70-74, 75-79, 80-84, 85-89, and ≥90 years) was used as a continuous, time-dependent covariate after testing for log linearity or as a categorical variable. In cases of insufficient events, appropriate covariate strata were combined to ensure events in all strata.
In estimates of rates of HCC, decompensation and mortality when comparing patients with SVR vs non-SVR time at risk were calculated from the first EOT 24 date with known treatment response or baseline, whichever occurred last, until the primary outcome or end of follow-up. In addition to the reasons mentioned previously, patients were censored at reinfection. SVR was introduced as a time-dependent covariate, and the clock-reset approach was applied. Cumulativeincidence functions in SVR, non-SVR, and untreated patients treated death, LTx, SVR, treatment, coinfection with HIV or HBV, and other liver diseases as competing events. Untreated patients were followed from baseline until initiation of event, 
Results
Data were extracted from nationwide registries on 5,779 patients with positive HCV RNA. Of these, 1,306 patients had cirrhosis, and after the exclusion of 268 patients, 1,038 patients were eventually included (inclusion and exclusion of patients can be seen in Figure S1 ). One patient (0.1%) was lost to follow-up with unknown address and vital status in the Danish civil registration system. Baseline characteristics of all patients, untreated and treated, are shown in Table 1 . Before the end of follow-up, 537 (52%) patients had initiated antiviral treatment, of whom 519 patients reached an EOT 24 date at least once. The majority of treatment courses with a known treatment outcome consisted of a backbone of IFN (with or without Ribavirin). 15 Only 45 (7%) patients were treated with polyethylene glycolated IFN combined with Ribavirin and a direct-acting antiviral (DAA) drug. Two patients were treated with Ribavirin monotherapy and failed to achieve SVR. Overall, 233 patients achieved SVR (45%), 276 patients achieved non-SVR (53%) at least once, and 10 patients had unknown treatment response (2%). A total of 27 patients achieved SVR 24 after initially failing therapy. Three patients were reinfected and did not achieve a second SVR 24 . Characteristics of patients at their first EOT 24 are listed in Table S1 .
Patients were followed for a median of 3.8 (range 0.01-12) and 4,909 years total. After the exclusion of patients with prevalent cases of HCC and/or LTx at baseline, among 989 patients at risk of HCC, 115 patients were diagnosed with HCC during follow-up. Similarly among 811 patients at risk of decompensation, 153 decompensated during followup. Of 1,038 patients included, 360 eventually died during follow-up. Of 299 deaths prior to December 31, 2012, 186 (62%) died of liver-related causes. The cumulative-incidence functions of liver-related morbidity are shown in Figure 1 . Liver-related morbidity IRs and mortality rates (MRs) for all patients and for SVR, non-SVR, and untreated patients are shown in Table 2 . Adjusted liver-related morbidity IRRs are shown in Table 3 for all patients. In adjusted analyses, alcohol overuse was associated with increased rates of both HCC and decompensation among patients at risk, and compared to patients with genotype 1 or 2, genotype 3 was associated with an increased rate of HCC. In contrast, male sex and diabetes were not significantly associated with HCC. Genotype was not associated with decompensation, but diabetes was associated with an IRR of 1.65 for decompensation after adjusting for confounding.
Median and total follow-up years were 4.8 (range 0.04-12) and 1,197 after SVR and 3.8 (range 0.04-12) and 1,444 after non-SVR. Cumulative-incidence functions of liver-related morbidity for SVR, non-SVR, and untreated patients are shown in Figures 2 and 3 . Of the 226 patients who achieved SVR and were at risk of HCC, 10 developed HCC maximum 6.1 years after SVR 24 . In contrast, of 289 patients at risk after non-SVR, 47 were diagnosed with HCC. After non-SVR, 56 of 266 patients at risk decompensated, whereas only 11 of 211 patients decompensated after SVR. One patient with SVR and 11 with non-SVR received LTx. Adjusted liver-related morbidity IRRs and MRRs for SVR vs non-SVR and untreated patients are presented in Table 4 . Cumulative incidences for 1-, 5-, and 10-year liver-related morbidity with death and LTx as competing risks are presented in Table S2 . Achieving SVR was associated with a reduced rate of HCC, even after adjusting for sex, age, alcohol overuse, genotype, and diabetes. The rate of decompensation was also reduced substantially in the presence of SVR, and of the 11 patients who decompensated after SVR, seven had a history of alcohol overuse. Adjusted all-cause and liver-related MRs were reduced by 34% and 40% with SVR, respectively, when taking confounding into account.
Discussion
This nationwide cohort study based on prospectively collected data adds to our knowledge of liver-related morbidity and mortality among CHC patients with cirrhosis in a reallife cohort. We found major differences between untreated and treated patients with regard to baseline characteristics associated with mortality. A history of alcohol overuse and genotype 3 were associated with increased rates of HCC, whereas diabetes increased the rate of decompensation, as did alcohol overuse. Achieving SVR was associated with markedly reduced rates of liver-related morbidity and mortality after adjustment for confounding. However, a history of alcohol overuse was associated with diagnoses of HCC and decompensation after SVR.
Patients who did not initiate treatment differed from treated patients with respect to several baseline characteristics, such as comorbidity, decompensated cirrhosis, HCC, and a history of alcohol overuse or IDU. These differences were reflected in the high all-cause mortality among untreated 
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Morbidity associated with chronic hepatitis C patients, even compared to patients with non-SVR 24 . These differences are probably primarily a result of the selection of healthier patients for antiviral treatment, in part due to contraindications to polyethylene glycol-IFN-based therapy 15 and other possible factors, such as continuous links to care.
We found IRs of HCC ranging from 0.85 after SVR to 3.53 after non-SVR per 100 person-years (PYs). Some studies have reported an increased rate of HCC associated with HCV genotype 3 independently of alcohol overuse, obesity, and diabetes. 12, 35 The confirmed increased rate of HCC associated with genotype 3 observed in our adjusted analyses did not take SVR into account. However, given the fact that both genotypes 2 and 3 were associated with higher chances of SVR 36 in the era of IFN and Ribavirin compared with genotype 1, we find it unlikely that differences in SVR rates among patients with different genotypes should explain the observed increased rate of HCC associated with genotype 3. We found no statistically significant association 
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Hallager et al between sex or diabetes and HCC, as has been described elsewhere, 10, 11, 13, 37, 38 whereas diabetes did increase the rate of decompensation. Previously, it has been suggested that diabetes and genotype 3 are associated with fibrosis progression [39] [40] [41] and complications in cirrhotic patients. 14 The complex carcinogenic biological mechanisms involved in the development of HCC in the presence of diabetes and HCV genotype 3 are not fully understood. However, steatosis is thought to play a key role, 42 and diabetes and HCV show signs of a synergistic effect in the formation of HCC. 13, 43 Apart from being associated with obesity and diabetes, steatosis is also generally accepted to be associated with HCV genotype 3, 44 which may partly explain the increased risk of HCC. Nonetheless, the absence of information on steatosis and steatohepatitis in this study precludes any further conclusions on this matter. Alcohol overuse is a well-known risk factor, 38 and was also strongly associated with HCC in this study. We did not observe an association between male sex and HCC, as demonstrated elsewhere, 8 Table 2 Liver-related morbidity and mortality incidence rates for patients with chronic hepatitis C and for patients with SVR, non-SVR and for untreated patients 
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Morbidity associated with chronic hepatitis C in the final multivariate Cox regression models performed in previously published studies, 8, 10, 12, 13, 45 we find it unlikely that the lack of an association in our study is the result of confounding. It may simply be due to chance. Death would be considered a competing event with HCC, and the MR was higher among men than women (adjusted MRR 1.39 [95% CI 1.07-1.8]); however, a rate is independent of competing events. Similarly, we found no association between diabetes 
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Hallager et al and HCC, which has been demonstrated consistently, [11] [12] [13] 38 though mainly after SVR. In our study, diabetes was based entirely on the NPR. Misclassification in cases of diabetes not registered in the hospital registry may have occurred, which would bias the results toward the null. The positive predictive value of a diagnosis of diabetes in the NPR has been demonstrated to be good. 46, 47 However, the prevalence of diabetes of 12% at baseline in our cohort was at the lower end compared to the 12%-24% in other cohorts, [11] [12] [13] 48 which could suggest that we have underestimated the true diabetes prevalence. Alternatively, since other studies have mainly been performed in single or few tertiary centers, it may also be that the association between diabetes and HCC demonstrated by some could be the result of selection bias. Because diabetes was introduced as a time-dependent variable in our regression analyses, one could argue that this could lead to reverse causation of diabetes and HCC, if diabetes was more likely to be diagnosed in patients with yet-undiagnosed HCC. However, this would lead to a stronger association between diabetes and HCC, which was not the case in our study. Furthermore, the median time from diabetes to HCC was 4.6 years and 3.9 years from diabetes to decompensation, which makes reverse causation unlikely. Interestingly, in our cohort diabetes was associated with HCC in an unadjusted analysis and when adjusting for everything but age (data not shown). Patients with diabetes were also slightly older than patients without diabetes, and the rate of HCC increased significantly with age. Therefore, at least in this study, an association between diabetes and HCC was confounded by age. The HCC IR of 0.85/100 PYs after SVR observed in our cohort is consistent with the HCC IRs of 0.55-1.39/100 PYs described by others after SVR. 10, 12, 38, 49, 50 The lowest HCC IR after SVR was reported in a study by van der Meer et al (0.55/100 [95% CI 0.14-0.96] PYs), 12 which had a long median follow-up (8.4 years), but included 46% patients with advanced fibrosis, slightly younger patients (median age 48 years), and only patients with compensated cirrhosis. The highest HCC IR estimate reported of 1.39/100 PYs was found in a large cohort consisting of 95% males with a relatively high prevalence of diabetes and alcohol abuse, 38 all risk factors previously described to be associated with HCC. 10, 12, 13, 38 Our results on the continuously elevated rate of HCC after non-SVR are well within the estimates reported in other cohorts of 1.44-5.85/100 PYs. 10, 12, [49] [50] [51] We were able to confirm the reduced rate of HCC in cirrhotic CHC patients associated with SVR reported previously. 10, 12, 49, 50 These results underscore the benefits associated with a cure for CHC in cirrhotic patients. Despite small differences in the definition of liver complications applied here and elsewhere, we also found a markedly reduced rate of decompensation associated with SVR, in line with previous results. 10, 12, 49, 50 It is noteworthy that the annualized risk of HCC of 1.08% during the first 5 years after SVR found in our cohort is below the threshold of costeffectiveness of 1.5%/year for HCC surveillance. 52, 53 However, the cutoff was estimated in the 1990s based on patients with multiple etiologies and exclusively cirrhosis Child-Pugh A. This was during in an era when CHC was difficult to cure, with presumably shorter life expectancies. At this point, the European Association for the Study of the Liver recommends continued HCC surveillance after SVR in cirrhotic patients. 16 Further studies are needed to determine whether surveillance for HCC is cost-effective after SVR, and if so, for how long after SVR surveillance should be recommended.
The fact that adjusted all-cause and liver-related MRRs associated with SVR did not reach statistical significance in this study may have been due to underpowering when adjusting for confounding. We are confident that SVR was truly associated with reduced mortality in this real-life cohort, as 
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Morbidity associated with chronic hepatitis C has been demonstrated previously. 23 With highly effective DAAs, even patients with advanced liver disease and comorbidities can undergo treatment and achieve very high SVR rates. 16 Therefore, it will be of interest to follow CHC patients cured with IFN-free DAA regimens to study the long-term effects of eradicating HCV in patients with advanced liver disease, comorbidity, and/or substance abuse that would have precluded them from IFN and Ribavirin-based therapy.
The unique tradition for nationwide health registries and opportunity to cross-link between registries ensured complete follow-up in this cohort study of prospectively collected data. Unfortunately, only a fraction of the total number of patients with CHC in Denmark are aware of their CHC-status and attend specialized care, 54 which limits the generalizability of our morbidity-rate and MR estimates, due to potential selection bias. For example, if only the sickest patients attend specialized care with symptoms of and complications due to CHC, we could have overestimated the rates of liver-related morbidity and mortality associated with CHC.
Reporting cancer diagnoses to the Danish cancer registry by physicians is mandatory, and since hospitals in Denmark are reimbursed based on admissions and procedures registered in the NPR, the number of HCC cases diagnosed in hospitals not registered in the cancer registry, Patobank, or NPR is likely to be low. A recent study from Sweden suggests that relying on a single registry could lead to substantial underestimation of primary liver cancers, possibly due to the noninvasive nature of HCC diagnosis. 55 In our study, we extracted information from four different registries, which confers validity to our results. However, it is possible that we underestimated the number of HCC cases due to unrecognized HCC in deceased patients in the absence of diagnostic imaging or autopsy. Only two patients were diagnosed with HCC exclusively in the registry of causes of death. With regard to decompensation, it is likely that the registration of this complication is less rigorous than HCC, since we had to rely on only two registries, and thus it is possible that we underestimated the occurrence of decompensation.
Other limitations include the fact that we did not have information about smoking status, valid HCV RNA concentrations, body-mass index, nonalcoholic fatty-liver disease, nonalcoholic steatohepatitis, CHC disease duration, Child-Pugh or MELD (model for end-stage liver disease) score, systematic information about cirrhosis regression, quantification and duration of alcohol intake, or information about current alcohol overuse or IDU. These are all important potential confounding factors.
In conclusion, we found high rates of liver-related morbidity and mortality among patients with CHC and cirrhosis, in particular among untreated patients. Genotype 3 and alcohol overuse were associated with increased rates of HCC, and diabetes and alcohol overuse increased the rate of decompensation. Successful eradication of HCV was associated with substantially reduced rates of liver-related mortality, HCC, and liver decompensation when adjusting for confounding. There continues to be an urgent need to cure patients with CHC and cirrhosis before the development of complications, particularly in those with genotype 3. Special attention should be given to patients with a history of alcohol overuse in whom an elevated rate of HCC and decompensation remain after SVR. 
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Supplementary materials Data sources
Danish civil registration system, Danish Database for Hepatitis B and C (DANHEP), Danish national patient registry (NPR), national Danish pathology database (Patobank) , and Danish cancer registry provided in supplementary material published previously. 1 The Danish register of causes of death (DAR) is a nationwide registry that contains information on nearly every death in Denmark since 1943. On each death certificate, a physician has registered one or more diagnoses considered to be the cause(s) of death, and coded with appropriate ICD-10 codes during this study period. 2 
Definition of covariates
Lists of ICD-8, ICD-10, and SNOMED codes used in the definition of inclusion and exclusion criteria, covariates, and causes of death are supplied in Tables S1-S5. 
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